History of Geodetic Leveling in the United States

By RALPH MOORE BERRY
Assistant to Director, National Geodetic Survey
National Ocean Survey, NOAA

ABSTRACT. The term “geodetic leveling” is defined in broad terms. Development of
basic instrumentation for leveling is discussed. Geodetic leveling seems to have been
started by the U.S. Coast Survey in 1856 along the Hudson River. The U.S. Lake Survey
(Corps of Engineers) began geodetic leveling in 1875, based on the Coast Survey leveling
of 1856. The Coast Survey commenced the Transcontinental Leveling at Hagerstown,
Md., in 1877. Geodetic leveling was started by the U.S. Geological Survey in 1884, with
a loop from Morehead Gty, N.C., inland to Knoxville and Chattanooga, Tenn., and back
to Brunswick, Ga. The first general adjustment of the geodetic leveling network in the
United States was made in 1900, containing links by the Coast and Geodetic Survey,
Corps of Engineers, Geological Survey, and several railroads. Other adjustments were
made in 1903, 1907, 1912, and 1929, the last of which defined the currently used
National Geodetic Vertical Datum of 1929.

Introduction

Geodetic leveling has been defined as ". . . leveling of a high order of accuracy,
usually extended over large areas, to furnish accurate vertical control . . . for all surveying
and mapping operations."1 There are two important considerations involved in this
definition, "high order of accuracy" and extension "over large areas."

High order of accuracy (to be carefully distinguished from precision) is to be
achieved only by use of a combination of a carefully designed and precisely constructed
set of instruments (level and rods), used by a competent and conscientious observer, in
accordance with a proper observing routine, together with a data reduction system that
applies appropriate corrections for all the physical and environmental situations that may
affect the condition and/or calibration parameters of the instruments and observing
conditions. If this is accomplished, the magnitude of accidental errors will be minimized
and the effects of systematic errors will be essentially compensated. It must be realized
that, because of the requirement in the definition that geodetic levels will usually extend
over large areas, it is extremely important to search out and understand all the sources of
systematic error, so as to assure satisfactory compensation for them. Systematic errors
tend to accumulate linearly, so that the effect of even the smallest error in a single
operation (a single setup) can accumulate to intolerable magnitudes in long lines. Thus, to
recapitulate, geodetic leveling produces accurate elevations, singularly free from the
effects of systematic errors, even when extended over long distances. These results are
accomplished through the use of precise instrumentation, precise observers, and
fastidious application of procedures which were developed through study of all the
scientific principles and hypotheses which are believed to affect the observations.

A distinction has been made between geodetic leveling and "precise leveling,"2 in



which the point is made that in geodetic leveling all known imperfections in the
instrument system (collimation, rod calibration, temperature, imbalance between fore-
sight and back-distances, etc.) are compensated by the application of computed
corrections, whereas in precise leveling it is attempted to reduce the magnitude of the
observational errors to tolerable limits by careful and frequent adjustment and calibra-
tion of the instrument system, by which process the calculation of systematic correc-
tions is minimized or totally eliminated.

The distinction between ordinary "construction levels" and geodetic leveling was
"geodetic" was undertaken in France in the latter part of the 17th centuryl5 for the im-
provement of French waterways, under the direction of Jean Picard, the inventor of "cross
hairs," but the low accuracy of this work precluded it from being classified in the
geodetic category. The first scheme for leveling which met both criteria in the definition
of geodetic leveling was again in France, executed under the direction of M. Bourdaloue
between 1857 and 1860, with the results published in 1864.16 The observational
techniques were complex and were designed for the accomplishment of high accuracy
and for the elimination of systematic errors and detection of blunders. It is said that this
work required agreement between two measurements within 2 mm. 'VK, where K is the
length of the line in kilometers.

The French work inspired the Swiss to engage in a similar effort. In 1864, a Swiss
recommendation for the execution of a connected network of precise levels over a large
part of Europe was adopted by the International Geodetic Conference. The methods of
observation and the use of a mean sea level datum were included in the resolution. For
the observations on this project, a precise spirit level instrument was designed by Kern of
Aarau, Switzerland; these instruments were widely used in Europe and later several .were
used by the Corps of Engineers in the United States.

Leveling in the United States

The definition of "geodetic leveling" as used in this historical summary has been
purposely left somewhat broad, which provides opportunity to include earlier work which
may not quite conform to modern specifications of accuracy but which had considerable
extent and made serious attempts at accuracy.

First Attempt at Geodetic Levels

Although some localized leveling was undoubtedly done in the United States in
pre-Revolutionary times and also by the U.S. Coast Survey from its establishment in
1807 (tidal bench marks, etc.), the first effort on record to run what can be called geodetic
levels was made by the U.S. Coast Survey in 1856-1857, when a line of levels was run by
G. B. Vose in connection with a detailed study of the tides and currents in New York Bay
and the Hudson River. A series of tide gauges was established along the Hudson River
from New York to Greenbush (on the east side of the Hudson River, opposite Albany),
and all were interconnected by the line of levels run by Mr. Vose. The following
statement describes the operation, probably run by Y level:17 "In order to place our



results beyond all possible doubt, I directed Mr. Vose, to whom the leveling was
assigned, to proceed slowly and with great care from station to station between New
York and Albany. As you directed, a double series of levelings was made throughout the
whole route and every doubtful step was retraced." With regard to the closeness of the
results obtained, Mr. Vose says, "From a hasty computation which I have made, it
appears that the probable error for the entire distance from New York to Greenbush does
not exceed two-tenths of a foot." Further details as to the results of these levels, or as to
the instruments used, or the actual observational procedures have not been published. As
a product of this operation, the important bench mark "Gristmill" was established with its
elevation assigned as 14.73 ft. (which elevation has been subsequently determined to be
about a foot too high). This bench mark provided the mean sea level datum to which
subsequent levelings by the U.S. Lake Survey were referred in determining elevations of
the water surfaces in the Great Lakes.

Lake Survey Geodetic Level Lines

In 1875 the U.S. Lake Survey (Corps of Engineers), having requirements for
precise elevations above mean sea level for the water levels in the Great Lakes and for
bench marks in the adjacent harbor areas, made a serious effort to carry geodetic leveling
into the Great Lakes area. Observers F. W. Lehnartz and L. L. Wheeler ran "duplicate"
levels, in the same direction, from bench mark "Gristmill" at Greenbush, N.Y., along the
Erie Canal to Higginsville, along wagon roads to Fish Creek, and along the New York
and

—Use of metric rods (centimeter divisions with millimeters estimated).

—Requirement that two independent observations of section between adjacent
bench marks must not diverge more than 5 mm. VK (K in kilometers).

—Limitation of sight length to 100 m.; difference between foresight and
backsight distances not to exceed 10 m.

In 1877, the principle of “double-simultaneous" running was introduced by the
Corps of Engineers. The method used two pairs of rods with one Kern instrument; the
line of levels was carried forward with two independent observations of backsight and
foresight, on separate turning points, at each instrument setup. The method generated
two independent levelings of the route but required only one observer and one level, thus
providing continuing checks on the work as the observations progressed.22 This work
was performed along the Mississippi River.

In the season of 1882-1883, J. B. Johnson, who was later professor of surveying,
and dean, at the College of Mechanics and Engineering of the University of Wisconsin,
introduced the method of observing which has popularly been known as the "three-wire"
method.2' The major departure from previous Corps of Engineers' (Mississippi River
Commission) practice was in the precise centering of the bubble in the vial and holding
it centered while reading on the rod (cf. also Johnson's text on surveying24).

Previous to this innovation, the standard procedure was to read when the bubble
was nearly centered, noting the actual number of divisions that the bubble was off center,



and subsequently applying corrections for this eccentricity. Detailed instructions for the

new procedures were published by the Mississippi River Commission in 1891 and are

reproduced in Johnson25 (also discussed, by 0. W. Ferguson in the 1892 Report of the

Mississippi River Commission) ,26 These instructions specify that the double runnings of

a section between adjacent bench marks shall agree within 3 mm. times the square root of

the section length in kilometers (3 mm. \VX), but the section length is defined as the dis-
SR i ¥ K

Figure 2. Mendenhall level

tance from one mark to the next and return, i.e., K is twice the distance between the two
bench marks. This is equivalent to 4.2 mm. -VK if K is defined as the single distance
between bench marks. These instructions were essentially duplicated by the Missouri
River Commission in 1893.

Although Kern levels Nos. 1 and 2 are definitely stated to be manufactured by
Kern in Aarau, Switzerland, Johnson27 states that the term "Kern level" was later used to
designate a design type, some of which were manufactured by F. E. Brandis & Sons Co.
in Brooklyn, N.Y. Although equipped with a tilting screw, the instrument was basically
a'Y level and had to be used with care; its constants had to be redetermined frequently
to compensate for wear on the collars and pivots, and corrections, therefore, had to be
applied to the observations. Further details concerning instruments and methods used by
the Corps of Engineers are given by Molitor,28 especially the "MendenhalT' level made
by Buff and Berger (Fig. 2).

Geodesic Levels by the U.S. Coast and Geodetic Survey

It has already been noted that the U.S. Coast Survey first ran "precise" levels in



1856-1857 for the control of tide gauges on the Hudson River. Vertical control for re-
duction of triangulation base lines, etc., to sea level had been accomplished with ad-
equate accuracy by trigonometric observation.

the actual vertical inclination of the telescope. It was thus mechanically and geo-
metrically equivalent to the Kern level in configuration.

The observing process was cumbersome, but geometrically correct in eliminating
errors due to instrumental imperfections and failure of perfection in adjustment.
Basically, a target was clamped on the rod in a position near the intersection of the
"level" line of sight The line of sight was then pointed on the target by turning the
gradienter screw, with the telescope and striding . level in the following combinations of
positions:

1. Telescope direct, stride level normal.

2. Telescope direct, stride level reversed (end-for-end),

3. Telescope inverted (rotated 180° in the wyes about its optical axis), stride level
reversed.

4. Telescope inverted, stride level normal. *

The position of the gradienter screw was read in each position and also, in each
combination, the gradienter was read when the level bubble was centered (or at some
other selected position in the vial). The position of the target on the rod was also read by
both the rodman and the recorder. Previous tests had determined the vertical angular
displacement of the telescope line of sight induced by one complete turn of the gradienter
screw and also the variation of inclination equivalent to the displacement of the bubble by
one graduation in the vial. The senes of readings made on each rod provided data by
which corrections to the target setting were computed to derive the actual intersection of
the "level" line of sight with the rod scale.

This basic system was used by the Coast and Geodetic Survey, with minor vari-
ations, from 1877 until 1900. The process was slow and required an excessive amount
of computations to determine the corrections to the rod readings, but more than 9,000 km.
of critical levelings were run throughout a large part of the United States before it was
superseded by another system in 1900. The fundamental weakness in the system,
however, did not lay in the excess work it required but largely in its dependence on an
accurate knowledge of the angular value of one graduation on the level vial (sometimes
called the "sensitivity" of the level vial), which, particularly with very sensitive vials,
tends to change due to mechanical stresses in mounting the vial in the instrument, to
stresses induced in adjustment and handling of the instrument, and also, importantly, to
changes in ambient temperature.

The first line of leveling by the Coast Survey, officially dignified by the
designation of "geodesic leveling," was the line following the 39th parallel triangulation,
as contemplated in 1876 and for which the new level instruments and procedures were
designed. The first field work was started in October 1877 with the establishment of
bench mark "A" in the "water table" (foundation wall) of the Washington County Court
House in Hagerstown, Md., by Sub-Assistant Edwin Smith, and by the actual running of
geodesic levels along the turnpike to Williamsport, Md., and the establishment of bench



mark "B" on the aqueduct which carried the Chesapeake and Ohio Canal over
Conococheague Creek just north of Williamsport,37 where the season”™ operations were
terminated in December 1877. These two bench marks were recovered by the writer
during the summer of 1975.

Work on the transcontinental levels was resumed by Assistant Andrew Braid in
May 1878 who continued the line westward following the towpath of the Chesapeake and
Ohio Canal to its terminus at Cumberland, Md., (bench mark "I") and thence along the
Baltimore and Ohio Railroad to Athens, Ohio, where the seasons work was terminated in
December 1878.38 This line was run by the "double simultaneous" method, where two
sets of rods on separate turning points were observed to provide independent checks at
each setup of the precision of the work. The instructions provided that the divergence
between the two runs of each section between adjacent bench marks must not exceed 5
mm. times twice the section length in kilometers (5 mm. -V2K)39 This work, generally
referred to as the Transcontinental Leveling, was extended to Mitch-

bench mark established there was determined as nearly as practicable from existing
elevations adjusted through by railway levels brought from the sea. In consequence,
though all the elevations connected with the same central datum point will agree one with
die other, yet they will not be reduced to exact sea level . . n and "It is worthy of note,
however, that nearly half of the work of the past season . . . is based on existing careful
levels in New York, those of the State canals and United States Engineer Corps; in some
portions of the south and west, those of the United States Engineer Corps; in much of the
central United States, those of the United States Coast and Geodetic Survey and the
Missouri and Mississippi  River Commissions surveys.”46 His legislation and
interpretation led to the institution by USGS of a system of permanent bench marks
connected by "precise" leveling and with the resulting elevations referred to a common
datum point in each area. The use of a standard bench mark disc was introduced. On each
disc was stamped the elevation (to the nearest foot) and an abbreviation, by initials, to
designate the local datum to which the elevation was referred. Lines of levels, in
accordance with-this system, were run in many different areas throughout the United
States where topographic mapping was being done. Because of the use of local datum in
each area, the running of long tie-lines to sea level was not necessary.

The instrument required by specifications and instructions issued in 189747 was
the 20-in. engineer's level made by Messrs. Gurley & Co. of Troy, N.Y. Double-rodding
was required for long lines and “limit of error in feet9* was not to exceed .05 ~VM (M =
distance in miles), This specification is equivalent to third-order accuracy and therefore
these levels would be considered marginal for classification as "geodetic." However,
occasional lines were run with tighter specifications, i.e., error limit = .03 VM, and use of
better instruments and procedures.48 Levels thus run were designated “precise levels/'
The instrument used was made by Buff and Berger and is reputed to have been of the
"Van Orden"49 design. The first, and best-known, line run under these specifications by
the Geological Survey was a cooperative survey for the State of North Carolina, running
from a temporary tide gauge at Morehead City, and run "in such a manner as to cross
every line of railway in the State, and thus reduce its elevations to sea level." This long
line started in 1896 from Morehead City and ran through Newbem, Raleigh, Durham,
Greensboro, Newton, and Asheville to the Tennessee state line at Paint Rock, reaching a



maximum elevation of 769.7 m. (2,525 ft.) in a total length of 735 km. (457 mi.). In the
following year, it was extended from Paint Rock, through Knoxville and Cleveland,
Tenn., and Rome, Ga., and stopped at Atlanta, Ga.50 In 1899, the line was closed by
running from Atlanta through Macon and tying to a tide gauge at Brunswick, Ga., for a
total loop length of 1,679 km. (1,043 mi.), from sea level at Morehead City, across the
State of North Carolina, into Tennessee, and back across the State of Georgia to sea level
at Brunswick.51 This loop introduced accurate sea level elevations through a large area in
the southeast United States where no other agency had operated. Similar lines were run
by the Geological Survey in New York and Pennsylvania before 1900. An excellent dis-
cussion of USGS work in leveling before 1898 is presented by Herbert M. Wilson, who
was active in that work, in his detailed paper published by the American Society of Civil
Engineers in 189852 and additional discussion in his textbook on topographic
surveying.53

Van Orden (Massachusetts) Levels

In 1884, the Commonwealth of Massachusetts undertook a complete topograph-
ical survey of the Commonwealth in cooperation with the U.S. Geological Survey. Part
of the basic geodetic control, mainly triangulation, was undertaken by the Coast Survey.
In connection with this it became evident that a basic line of geodetic levels crossing the
state was needed to make sea level datum available for the mapping project and to
provide elevations for the reduction of the triangulation. C. H. Van Orden, an assistant of
the U.S. Coast Survey, had

results of USC&GS leveling were compared with results of Corps of Engineers and
USGS leveling. All were considered for magnitude of loop misclosures and, particularly,
for evidence of unexplained systematic errors as revealed by accumulation of divergence
between double runs (either simultaneous or forward/backward) or by loop misclosures,
as well as .comparison in terms of cost per kilometer, or kilometers/day.

Main conclusions were:

a. U.S. Corps of Engineers leveling was about the same accuracy as USC&GS.

b. U.S. Corps of Engineers leveling costs and production rates were about the
same as USC&GS.

c. USC&GS leveling was subject to uncompensated systematic error that was az-
imuth-dependent, with maximum effect on lines running 20° east of north (or 180°
reverse).

d. USC&GS systematic error was probably due to effects of varying temperature
on the level vial and in parts of the instrument between the level vial and the line of
collunation of the telescope. (The USC&GS "Stampfer" level had a striding level with the
vial high above the telescope).

e. USC&GS systematic error may have been due to settlement or rising of instru-
ment or turning points due to the long time required to make the multiple observations
at a single setup in the C&GS routine.



Recommendations for changes were:

a. Use of direct-reading rods, without target.

b. Make readings with three-line reticle, estimating each reading to millimeter.

c. Bubble to be held centered continuously during reading, eliminating reading
of bubble position when pointed on target.

d. Level not to be reversed, nor telescope rotated in the course of observations.

e. Alternate foresights to be taken before the corresponding backsights.

Summary—Status Geodetic Leveling in 1899

Three different U.S. Government organizations—the Coast and Geodetic Survey,
Corps of Engineers (U.S. Lake Survey, Mississippi River Commission, Missouri River
Commission), and Geological Survey—and a couple of non-federal organizations had
worked for approximately 25 years to develop methods for the determination of accurate
elevations above mean sea level of points distributed over very long lines. By using a
number of different instruments—Kern, C&GS/Stampfer, Van Orden, others—a very
intense effort was made by a number of highly qualified and dedicated engineers to the
development of observational techniques aimed toward obtaining high accuracy
simultaneously with high rates of production.

Many kilometers of leveling were run and an analysis was made by the Coast and
Geodetic Survey which indicated that the results fell somewhat short of the hopes.
Recommendations were made for the design of a new instrument and introduction of a
new observational routine that would combine some of the varying routines used by the
different agencies (to compensate for systematic error and speed up production
rates). It was also decided that a combined adjustment should be made of all acceptable
data from all qualified sources so that national use could be made of the combined
efforts.

USC&GS Level of 1899

An immediate result of the recommendations made by the 1899 Committee on
Precise Leveling was the production of an interim model of a new level having most of
the characteristics suggested by the Committee. Three of the Stampfer levels in use
since 1877 were remodeled as follows:59

—The height of the striding level was reduced.

—A mirror, prism system, and viewing ocular was attached, to permit observing
the position of the bubble with the observer's left eye, allowing monitoring the centering
of the bubble while reading the rod.

—The telescope barrel and metallic parts of the striding level were made of low-
expansion nickel-iron alloy.

Also, consistent with the Committee, new instructions60 were issued for
observing, which essentially amounted to the introductached to permit viewing of the
bubble through an external optical system as in the 1899 version. Another important
innovation was the use of the newly-developed, low-expansion, nickel-iron alloy for the
telescope tube, its supporting tube, and auxiliary parts.



The combination of the use of low-expansion material and reduction to a minimum of the
distance between the level vial and the line of collimation was intended to minimize the
variation of the adjustment with changes in ambient temperature. That this instrument
was successful In achieving this objective is obvious from the fact that it remained the
"work horse" of production leveling at the Coast and Geodetic Survey for over 60 years
—1900 to about 1962. The Fischer level was first described in detail in the Annual
Report for 1900 61 and also in other publications. 62,63

Adjustment of 1903

By 1903, more than 10,000 km. of additional leveling had become available, many of
which formed important new junctions, e.g., a new line by C&GS from Gibraltar, Mich.,
south through a connection with the Transcontinental Leveling at Cincinnati, Ohio,
thence across Kentucky to junctions at Knoxville and Cleveland, Tenn., with the USGS
long loop from Morehead City, N.C., inland through Asheville, N.C., Knoxville, Tenn.,
and return via Atlanta, Ga., to sea level at Brunswick, Ga., which loop was not included
in the 1900 adjustment because it was not tied into the net. New work by the USGS,
Corps of Engineers, and several railroads was incorporated into the net A number of old

Sea level connections were held at Boston, Mass., New York, N.Y., Sandy Hook, NIJ.,
Annapolis, Md., Old Point Comfort, Va., Morehead City, N.C., Brunswick, Ga., and
Biloxi, Miss. As in 1900, the line from St Augustine to Cedar Keys, Fla., was sep-

arately held because it was not connected tothe network.

This adjustment is fully documented inthe Annual Report for 190364 and new eleva-
tions tabulated for approximately 6,900 bench marks.

Adjustment of 1907

The Adjustment of 1907 became necessary largely because the Transcontinental
Leveling was accomplished (although departing from the 39th parallel) by completion
of the link from Red Desert, Wyo., through Ogden, Utah, Pocatello, Idaho, and Pasco,
Wash., to the tide gauge at Seattle, Wash., as well as by the addition of a total of about
6,500 km. of new lines. This was not a complete new adjustment of the whole net,
many elevations remaining unchanged in eastern United States. The only new tide
gauge added to the net was the one at Seattle.

Total lines included in the network were (some old lines being dropped):



USC&GS, prior to 1899 6,923 km.

USCEGS, 1899 and later 9,542
Corps of Engineers, excluding

Lake Survey 8,213
US. Lake Survey 1,009
U.S. Lake Survey, water leveling 4,378
U.S. Geological Survey 4,746
Others, mostly railroads 3,548

Total 38,359 km.

This adjustment was reported in a publication by Hayford.65 The network was
reported to contain about 9,100 bench marks.

Adjustment of 1912

By 1912, about 8,100 km. of additional levels were available in the net, a new long

line had been added across the southern United States from the Mississippi River

lines in Louisiana to a sea level connection at San Diego, Calif., with a north-south line
crossing it and running from a new sea level connection at Galveston, Tex., through Fort
Worth, to the original Transcontinental Levels at Abilene, Kans., and another connection
north-south across Nevada to Ogden, Utah. Lines contained in the network adjusted in
1912 were:

USC&GS 22,498 km.

Corps of Engineers, excluding

US. Lake Survey ' 5,387

US. Geological Survey 5712

Others A58
Total ] 46,462 km.

Mean sea level was held at gauge sites
at:

Boston, Mass. Brunswick, Ga.
Sandy Hook, NJ. Biloxi, Misa.
Baltimore, Md. = Galveston, Tex.
. Morchead City, NC. . San Dicgo, Calif
Seattle, Wash. i
ligi._-_.L ;_;L-_..-:- ~nveantane n;-r. X

Although orthometric corrections were discussed in the report of the 1900 Adjust-
ment, they were applied for the first time in the 1912 Adjustment, although only in the
western United States. This adjustment is reported in USC&CS Special Publication
No. 75.66 It is estimated that the net contains 11,100 bench marks,

The 1929 General Adjustment

After a pattern of comparatively short intervals between adjustments, 17 years

elapsed before the next adjustment. The net had become much more extensive and com-
plex and had more sea-level connections. An innovation introduced was the inclusion of
the Canadian first-order network in the adjustment computation. The composition of

the network by agencies is not determined, but the lengths included 75,159 km. of U.S.



lines and 31,565 km. of Canadian lines for a total of 106,724 km. of leveling included in
the adjustment. The U.S. and Canadian networks were connected at 24 points, extending
from Calais, Me./Brunswick, N.B., to Blaine, Wash./Colebrook, B.C. There were 693
"links" in the network (including 19 long water-level transfers in the Great Lakes), 253 in
Canada, 416 in the United States, and 24 international, which were combined to make
246 closed circuits and 25 sea-level circuits. The adjustment provided elevations for 450
junction points.

Mean sea level was held fixed at 26 gauge sites, 21 in the United States and five
in Canada at the following locations:

Father Point, Que. St Augustine, Fla.

Halifax, N.S. Cedar Keys, Fla.
Yarmouth, N.S. Pcnsacola, Fla.
Portland, Me, Biloxi, Miss.
Boston, Mass. Galveston, Tex.

Perth Amboy, NJ.  San Diego, Calif.
Atlantic City, NJ.  San Pedro, Calif.
Baltimore, Md. San Francisco, Calif.
Annapolis, Md. Fort Stcvens, Ore.
Old Point Comfort, Va. Seattle, Wash.
Norfolk, Va. Anacortes, Wash.
Brunswick, Ga. Vancouver, B.C.
Femandina, Fla. Prince Rupert, B.C.

The elevations of junction points and of intermediate bench marks on "links" con-
necting the junction points define a datum to which the elevations of all bench marks in
the U.S. vertical control network are referred. This datum is defined by the observed
heights of mean sea level at the 26 tide gauges listed above and the set of elevations of all
the bench marks resulting from the adjustment of the network to these specific sea level
determinations.

It should be further noted that, while, the extensive Canadian first-order net was
used to strengthen the 1929 adjustment, the datum was not adopted in Canada because
an independent adjustment of the separate Canadian network had been accomplished
in 1928,67 and the resulting elevations published in a series of official books. Con-
sequently, since the 1928 adjustment defined the official datum for elevations in Canada,
which is still in use today, differing elevations are published by the United States and
Canada for the set of bench marks which constitute the junction points between the
U.S. network and the Canadian network.

Shortly after the accomplishment of the 1929 adjustment, the resulting datum was
designated as the “Sea Level Datum of 1929," because of its dependence on a series of
mean sea level determinations.

It was known at the time of the adjustment that, because of currents, prevailing
winds and barometric pressures, water temperature and salinity differentials, topographic
configuration of the bottom in the area of the gauge site, and other physical causes, a
series of discrete mean sea level determinations, based on tide gauge observations, would



not define a single equipotential surface. The result of this situation is that, in actuality,
no two determinations of mean sea level at different localities will be on the same level
surface, and they will, therefore, have different elevations as determined by the
differential leveling process.

In spite of these known variations in the elevations of local mean sea level, it was
concluded (1) that these variations were probably of about the same order of magnitude
as the observational errors in the leveling network, and (2) that confusion would be
caused in the operations of the engineering community if the published elevations of
bench marks near the coast would not be compatible with the local mean sea level as
determined by tidal observations. Accordingly, in .the 1929 adjustment, the network was
constrained to hold fixed the observed local mean sea level at each of the 26 gauge sites
listed above.

It is now known that this constraint resulted in some deformations in the level
net as defined by the leveling observations alone. Furthermore, since the elevations of
mean sea level at different sites do not vary linearly along the coast line segments that
connect them, it follows that elevations of mean sea level as defined by tidal observa-
tions at intermediate points between the 26 points held fixed in the adjustment will not
agree precisely with the "zero" elevations at the same points as denned by leveling ad-
justed to conform to the 1929 adjustment (the "Mean Sea Level Datum of 1929").

This has resulted in considerable confusion and misunderstanding, especially in
these times when substantial emphasis is being applied to the precise determination of
coastal boundary lines and offshore jurisdictional limits. These lines and limits are almost
universally defined by reference to some line (mean low water, "ordinary high water
line," etc.) defined by the rise and fall of the tide. It is a probable cause for considerable
error to assume that these lines can be fixed by reference to the “zero” line as defined by
leveling from bench marks whose elevations are referred to the geodetic datum for
elevations.

To eliminate some of the confusion caused by the original name of the current
geodetic datum for elevations ("Sea Level Datum of 1929"), the name of the datum has
been changed to rational Geodetic Vertical Datum of 1929," eliminating all reference to
"sea level" in the title.68. This is a change in name only; the mathematical and physical
definitions of the datum established in 1929 have not been changed in any way.
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